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groups. To understand the mechanism of aluminum 
exposure and recovery, immunohistochemical analy-
sis of synaptophysin (Syp) and glial fibrillary acidic 
protein (GFAP) was performed. Results showed cog-
nitive dysfunction, oxidative stress-induced damage, 
reduced neurotransmitter levels, decreased immu-
noreactivity of Syp, and increased GFAP. However, 
these parameters showed a larger improvement in 
the recovery group where rats were given aluminum 
for 30 days period in comparison to recovery group 
followed by 45  days of aluminum exposure. These 
results suggest that restoration of cognitive ability is 
affected by the duration of aluminum exposure. The 
study findings provide us with insight into the adverse 
effects of aluminum exposure and can be utilized to 
guide future preventive and therapeutic strategies 
against aluminum neurotoxicity.
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Abbreviations 
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SOD  Superoxide dismutase
GPx  Glutathione peroxidase
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LPO  Lipid peroxidation
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Abstract Aluminum is a potent neurotoxin, respon-
sible for memory impairment and cognitive dysfunc-
tion. The neurotoxic effect of aluminum on cognitive 
impairment is well documented, however, exposure to 
aluminum in a time-dependent manner and post-expo-
sure self-recovery still needs to be elaborated. This 
research aimed to (1) study the time-dependent effect 
of aluminum exposure by administering a total dose 
of 5850 mg/kg of Al over two different time periods: 
30 and 45 days (130 and 195 mg/kg of  AlCl3 respec-
tively), and (2) study 20  days post-exposure self-
recovery effect in both aluminum-exposed groups by 
giving distilled water. Cognitive abilities were investi-
gated through Morris water maze test and hole board 
test and compared in both exposure and recovery 
groups. Oxidative stress markers and neurotransmitter 
levels were measured for both exposure and recovery 
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DOPAC  Dihydroxyphenyl acetic acid
5-HT  5-Hydroxytryptamine
5-HIAA  5-Hydroxyindoleacetic acid
DG  Dentate gyrus
Syp  Synaptophysin
GFAP  Glial fibrillary protein
HBT  Hole board test
TQ  Target quadrant
MWM  Morris water maze test
RME  Reference memory error
WME  Working memory error

Introduction

Aluminum (Al) is one of the most abundant ele-
ment found in earth’s crust (Saeed et  al. 2021) and 
is a known neurotoxicant (Ahmed et  al. 2020). It 
primarily enters the body through dietary intake. 
An estimated dose of 10  mg/day is consumed from 
fruits and vegetables  95  mg/day from commercially 
processed food (Walton 2007) and <0.2  mg/l from 
drinking water (World Health Organization 2003). 
Utensils, pharmaceutical products, and antiperspi-
rants are also a source of Al exposure (Yokel 2000). 
Al through drinking water contributes to 1% of daily 
intake (World Health Organisation 2004), but due 
to its uncomplexed nature it is highly bioavailable 
(Ferreira et  al. 2008) Once present in circulation, 
due to its chemical similarity with iron, Al can eas-
ily cross blood–brain barrier (BBB) by binding to 
transport protein; transferrin (Cirovic et al. 2023) and, 
additionally by binding to citrate (Nagasawa et  al. 
2005). Once Al crosses the BBB it deposits in brain 
and ultimately contributes to the etiopathogenesis 
of neurodegenerative disorders (Flaten 2001; Yasui 
et  al. 1992). Nonetheless, the mechanism by which 
Al causes various pathological conditions remains 
unclear. Moreover, how time-dependent exposure to 
Al and post-exposure self-recovery influenced the Al 
induced pathological changes have not till date been 
investigated.

Oxidative stress is a well-known mechanism 
involved in pathophysiology of neurodegenerative 
disorders (Lee et al. 2015). Al can generate free radi-
cals (Gilani et al. 2022) which trigger DNA damage, 
nitration of proteins, and lipid peroxidation (LPO) 
(Haider et al. 2015). It has been shown that that cor-
tex and hippocampus are more prone to oxidative 

injury, hence, impairing neuronal function (Karim 
et al. 2017; Memudu and Adanike 2022). Astrocytes 
are crucial in neuronal survival by providing protec-
tion against oxidative stress (Suryavanshi et al. 2022). 
Reactive astrogliosis occurs in many pathological 
states and metal-induced toxicity, and the increase in 
glial fibrillary acidic protein (GFAP) is attributed to 
astrocytes activation (Pekny and Pekna 2014). Studies 
showed that Al-induced toxicity activates the astro-
cytes (Ekong et al. 2017; Laabbar et al. 2021). Al is 
reported to alter neuronal function by causing neuro-
transmitters imbalance (El-Shetry et  al. 2021). Syn-
aptophysin (Syp), a presynaptic protein, is respon-
sible for carrying neurotransmitters that are crucial 
for their role in the exocytosis of synaptic vesicles 
(Disdier et al. 2017); thus, any change in Syp would 
modify neurotransmitters release, ultimately lead-
ing towards cognitive dysfunction (Üçel et  al. 2020; 
Zhang et al. 2014).

There is substantial evidence linking Al-induced 
neurotoxicity to memory impairment (Chen et  al. 
2021; Li et al. 2020; Mehpara Farhat et al. 2019). It 
also has been well-documented that Al impairs cog-
nitive functions and induces anxiety like symptoms 
by disrupting hippocampus, cortex, and amygdala 
dependent functions through multiple mechanisms 
(Liaquat et al. 2019; Verma et al. 2020).

Earlier reports of chronic exposure to Al have 
been thoroughly investigated through administration 
of high doses (Farhat et  al. 2017b; Liu et  al. 2022). 
Though, no earlier study has reported detailed effects 
of the same dose given over different time periods. 
Hence, this study was designed to evaluate the neu-
rotoxicity of Al following different periods of same 
amount exposure, and how different parameters show 
improvement at the end of post-exposure recovery 
period. By keeping total Al exposure same for 30 
and 45  days, neurotoxicity was studied through bio-
chemical estimation of oxidative stress markers, neu-
rotransmitter levels, immunohistochemical changes in 
Syp and GFAP, and behavioral testing. After comple-
tion of both exposure periods, 20 days self-recovery 
period was given. Then same parameters were stud-
ied, and comparison was made with Al exposure 
groups to understand the degree of recovery.
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Materials and methods

Chemicals and reagents

Aluminum chloride hexahydrate  (AlCl3·6H2O) 
was purchased from Scharlau (AL0770), Spain. 
 AlCl3·6H2O with ≤0.005% impurities was stored in 
an air-tight bottle in ventilated area (mentioned in 
the chemical fact sheet). Hydrogen peroxide  (H2O2) 
stock solution (35%), nitro blue tetrazolium (NBT), 
thiobarbituric acid (TBA), hydroxylamine hydrochlo-
ride  (NH2OH·HCl), 5,5-dithiobis 2-nitrobenzoic acid 
(DTNB), and other reagents of analytical grade were 
procured from Sigma (USA).

Study design and grouping of animals

Experiments were conducted as per Institute of Labo-
ratory Animal Research, NIH, USA guidelines. The 
protocols were permitted by Internal Review Board 
(ASAB, NUST, IRB Letter # 135). Male Wistar 
rats 3–4 months of age (145–165 g of weight) were 
acquired from Animal House, NUST. Rats were 
kept in animal houses at 24 ± 2  °C temperature, and 
the natural light and dark cycle consisting of 14 h of 
light and 10 h of dark. Rats were given water and a 
standard diet consisting of raw components (proteins 
30%, fats 9% and fibers 4%), and moisture (10%) 
(Farhat et  al. 2017a). Water intake was monitored 
regularly during the study (Supplementary Fig.  1a). 

The animals’ body weights were also monitored, and 
there were no observed signs of acute toxicity (Sup-
plementary Fig. 1b). The rats were divided into five 
groups. Ten rats from every group were allocated for 
behavioral assessment, six were used in biochemical 
and neurotransmitters analysis and four animals were 
tested for histological analysis.

1. Control group was given distilled water
2. Thirty days Al exposure group were given 

195 mg/kg  AlCl3 through drinking water
3. Recovery group followed by 30 days of Al expo-

sure were given 195  mg/kg  AlCl3 for 30  days. 
After 30  days, rats received distilled water for 
20 days self-recovery

4. Forty-five  days Al exposure group were given 
130 mg/kg  AlCl3 through drinking water

5. Recovery group followed by 45 days of Al expo-
sure were given 130  mg/kg  AlCl3 for 45  days. 
After 45  days, rats received distilled water for 
20 days self-recovery

The study was designed with the aim to understand 
the effect of Al exposure in time-dependent man-
ner. For this purpose, Al was given to rats in a time-
dependent manner, i.e., by exposing to total dose of 
5850 mg/kg in two time-points 30 and 45 days (short- 
and long-term exposure respectively; Fig.  1). Due 
to its omnipresence in life through daily food items, 
humans get exposed to Al, making it difficult to 

Fig. 1  Study scheme. a Aluminuim exposure for 30 days, followed by 20 days post-exposure recovery period, b Aluminuim expo-
sure for 45 days, followed by 20 days post-exposure recovery period
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establish safe intake levels for humans. The WHO’s 
limits are regularly exceeded across different regions 
and circumstances (Wong et al. 2010). Therefore, this 
dose was chosen to investigate the neurotoxicity of Al 
at higher end of the human exposure.

Biochemical estimations of antioxidant enzymes

Measurement of catalase (CAT) activity

CAT activity was assessed as explained earlier (Sinha 
1972). For this purpose, the whole brain from each 
group was taken and then the whole cortex and 
whole hippocampus were isolated and weighed. Iso-
lated cortex and hippocampus tissues (100 mg) were 
homogenized by centrifugation at 2000 × g for 15 min 
(4 °C). After centrifugation 10% (100 μl) of superna-
tant was used in the mixture having 0.2  M of  H2O2 
(400 µl) and 0.01 M of phosphate buffer (1000 µl, pH 
7.4). The reaction mixture was then incubated for 90 s 
at 37  °C. The reaction was then terminated by add-
ing 5% dichromate reagent (2000  μl) and was incu-
bated (15  min) in water bath. Then absorbance was 
recorded at 570  nm to measure the consumption of 
 H2O2. The control was run with all batches of sam-
ples without  H2O2. The activity was shown as  H2O2 
expenditure (μmol/min/g of tissue).

Measurement of superoxide dismutase (SOD) activity

The test was performed as reported earlier (Liaquat 
et al. 2019). To assess the activity, 10% (500 µl) brain 
homogenate from the cortex and hippocampus were 
used in a mixture of 50 mM (1000 µl) sodium carbon-
ate, 24 µM (400 µl) NBT and 0.1 mM (200 µl) eth-
ylenediaminetetraacetic acid. The reaction was com-
menced by adding 1  mM of  NH2OH·HCl (400  µl). 
Absorbance was observed at 560 nm at 0- and 5-min 
intervals. For each batch of samples, a control with 
no brain homogenate was used. The activity was 
measured in terms of U/g of the tissue, and 1 unit 
was defined as enzyme quantity that inhibited NBT 
decrease by 50%.

Measurement of glutathione peroxidase (GPx) 
activity

GPx activity was estimated as explained earlier 
(Flohé and Günzler 1984) with slight modifications. 

Brain homogenate from the cortex and hippocampus 
10% (300  µl) was mixed with solution containing 
2 mM (200 μl) reduced glutathione, 1 mM (100 μl) 
 H2O2, 10  mM (100  μl) sodium azide and 0.1  M 
(300 μl, pH 7.4) phosphate buffer. The solution was 
incubated (37  °C, 15  min). The reaction was then 
stopped by adding 5% of TCA (500 μl) solution. The 
mixture was then centrifuged (4 °C) to collect super-
natant at 1000 × g for 10  min. From this, (100  μl) 
was taken and added to a solution having 0.4 mg/ml 
DTNB (0.7 ml) and 0.1 M (2 ml, pH 7.4) phosphate 
buffer. The absorbance was measured (420  nm) and 
expressed as μmol/min/g of the brain tissue.

Measurement of LPO

LPO was estimated as explained earlier (Haider et al. 
2015). Brain homogenates from the cortex and hip-
pocampus 10% (100 μl) were added to a mixture of 
15% TCA and 0.37% TBA. The solution was heated 
for 20  min. After heating, the mixture was allowed 
to cool and centrifuged at 2000 × g (10  min). The 
light pink color supernatant was used for measuring 
absorbance (532 nm). The data was given as μmoles 
MDA/g of the brain tissue.

Determination of neurotransmitter levels

Neurochemical analysis was performed as explained 
earlier (Haider et  al. 2015) for assessment of 
noradrenaline (NA), dopamine (DA), dihydroxyphe-
nyl acetic acid (DOPAC), 5-hydroxytrytamine (5-HT) 
or serotonin and metabolite 5-hydroxyindoleacetic 
acid (5-HIAA) through reverse-phase HPLC detector 
(Schimadzu LEC 6-A). For HPLC, the detector was 
run at +0.8  V. For separation, the stationary phase 
employed was 5 μ Shim-pack ODS (4 mm diameter 
and 150  mm length). The column was eluted with 
a mobile phase consisting of octyl sodium sulfate 
(0.023%) in phosphate buffer (0.1  M, pH 2.9) at a 
pressure of 2000–3000 psi.

Immunohistochemical detection of Syp and GFAP

Immunohistochemical examination was per-
formed accordingly (Habib et  al. 2019). Ketamine 
(300  μl/50  g) was administered intraperitoneally to 
the rats. The rat brain was fixed with 4% paraform-
aldehyde via transcardial perfusion. For further 
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fixation, the tissues were soaked (24–48  h, 4  °C) 
in 4% paraformaldehyde. After fixation, the tissue 
was molded in paraffin embedding, and horizontal 
sections of 3  μm thickness were prepared through 
microtome CUT 6062-SLEE GmbH. The 3 µm thick 
sections were made deparaffinized with xylene. Sec-
tions were hydrated with different alcohol concen-
trations and washed with distilled water. The slides 
were then incubated for 30  min with  H2O2 (3%) to 
block the activity of peroxidases. After washing from 
phosphate-buffered saline, the slides were incubated 
(4 °C) with a primary antibody against Syp (anti-Syp 
in rabbit, SAB4502906, 1:200 dilution) and GFAP 
(anti-GFAP rabbit, ab7260, 1:5000 dilution). After 
washing with PBS, slides were treated with second-
ary antibody (biotin-conjugated goat anti-rabbit IgG 
antiserum, ab205718) for 1  h and again incubated 
(30 min) with conjugated streptavidin peroxidase and 
avidin–biotin peroxidase (ABC) complex allowed to 
react for 10 min with DAPA. Then slides were coun-
terstained with Mayer’s hematoxylin.

Quantitative morphometric analysis

Immunohistochemical slides from tested groups were 
viewed through microscope (Optika B-150, Italy). 
Image analysis software (Optika Vision Lite 2.1) was 
used to capture images. The immunostaining intensi-
ties were quantified through Java based image pro-
cessing package, Image J (NIH, USA) as explained 
previously (Crowe and Yue 2019). The observed 
parameters were analyzed in three non-overlapping 
fields per four sections per four animals from each 
group through 40× resolution. The sections were 
quantified for the percent area of Syp and GFAP in 
cortex and hippocampal regions DG, CA1, CA2, and 
CA3.

Behavioral tests

Behavioral tests were conducted as previously 
described (Iqbal and Ahmed 2019) during 9 a.m. 
and 5 p.m. at the end of both exposure and recovery 
groups. Animals were habituated in a separate room 
regulated at a temperature of 24 ± 2  °C to ensure 
human interference and other environmental distur-
bances were minimal. The sequence and duration of 
the behavioral tests were designed carefully after a 
thorough literature review (Eltokhi et al. 2020; Hånell 

and Marklund 2014; McIlwain et al. 2001; Wolf et al. 
2016) to avoid overlap between behaviors. Each test 
was done in all groups on the same day and same 
duration to avoid any further time-dependent influ-
ences on the results.

Hole board test (HBT)

This behavioral test was performed as explained ear-
lier (Kuc et al. 2006) with few modification to assess 
the rat’s exploratory ability. The apparatus of a hole 
board was like an open field box but with the addition 
of 16 holes floor. Only four (same) holes were baited 
during all the trials and rats were made to learn these 
holes. The test was conducted in a box like an open 
field box with a hole board floor inserted at room tem-
perature. Habituation is done in two trials i.e., the first 
trial which was performed for 15 min after an hour of 
removing the feed from the hole board and the second 
trial which was performed after an inter-trial inter-
val of 3 h. The training period started from the next 
day (day 1) and lasted for 4 days. Same 4 holes out 
of total 16 were baited with 300 mg feed pellets and 
the session was considered completed if 3  min had 
passed or rats had eaten all the pellets in holes within 
the 3 min. The parameters to be calculated in this test 
were latency to enter the first hole, number of nose 
pokes per minute, working memory errors (WME) 
(entries to already visited holes during the trial), and 
reference memory errors (RME) (entries to holes that 
are non-baited).

Morris water maze test (MWM test)

MWM test was carried out according to earlier 
explained method (Iqbal and Ahmed 2019) and was 
conducted to estimate spatial memory of rats. The 
test was carried out after completion of both exposure 
and recovery period. For the test a circular swimming 
tank was used containing a hidden platform. The tem-
perature of the tank water was kept at 23 ± 2 °C. The 
test was done for five consecutive days, only changing 
the release positions of rats each trial, by keeping the 
position of platform constant. To perform the probe 
trial, the platform was removed on the last day. The 
number of entries and platform crossings and time 
spent in target quadrant (TQ) were recorded in the 
probe trial.
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Statistical analysis

All behavioral, biochemical, and morphological data 
were represented as standard error of mean. For data 
analysis Graph Pad Prism V8.0 (San Diego, USA) 
was used. For normality Kolmogorov–Smirnov test 
was applied on the data, and it suggest that data was 
normal. One-way ANOVA was used for analysis 
of oxidative stress markers, neurotransmitter lev-
els, immunohistochemical changes and for behavior 
test for number of entries, platform crossings and 
time spent in TQ assessed in MWM test, followed 
by Bonferroni’s test for multiple comparisons. Two-
way ANOVA was performed for the behavior test in 
HBT for assessing number of nose pokes per min-
ute, latency, RME and WME, and in MWM test for 
escape latency over different number of days for all 
the tested groups. Correlation analyses were per-
formed for cognitive performance in HBT and MWM 
test with Syp, GFAP and neurotransmitters and were 
analyzed through linear regression and Pearson test 
and corrected for multiple comparisons through Bon-
ferroni test. The results at p < 0.05 were considered 
significant.

Results

Effect of exposure to Al and self-recovery on 
antioxidant enzymes

Effect of exposure to Al and self‑recovery on CAT 
activity

The CAT activity in the cortex decreased significantly 
in 30 days (27.65 ± 0.91, p < 0.001) as well as 45 days 
(21.01 ± 3.21, p < 0.001) of exposure in compari-
son to control (55.44 ± 0.57). After recovery period 
of 20  days for both 30 (41.76 ± 1.86, p < 0.001) and 
45  days (35.25 ± 1.07, p < 0.001; Fig.  2a) exposure, 
there was increase in CAT activity when compared to 
Al exposure groups.

In the hippocampus, Al exposure for 30 
(29.35 ± 1.14, p < 0.001) and 45  days (23.93 ± 2.92, 
p < 0.001) showed significant decrease in the CAT 
activity as compared to control (46.59 ± 1.14). Recov-
ery group of 30  days (43.25 ± 1.12, p < 0.001) and 
45  days (37.50 ± 2.17, p < 0.001; Fig.  2e) showed 
increase in activity when compared to respective Al 
exposure groups.

Fig. 2  Biochemical estimation of antioxidant enzymes and 
lipid peroxidation in the cortex (a–d) and hippocampus (e–h) 
of Al exposed and recovery groups. *p < 0.05, **p < 0.01, 
***p < 0.001, refer to significant difference compared with the 
control group while #p < 0.05, ##p < 0.01, ###p < 0.001 refer 
to significant difference between Al exposed and recovery 

groups. n number of animals, 30DAl Al exposure for 30 days, 
30DR 20  days recovery period after 30  days of Al exposure, 
45DAl Al exposure for 45 days, 45DR 20 days recovery period 
after 45  days of Al exposure, CAT  catalase, SOD superoxide 
dismutase, GPx glutathione peroxidase, MDA malondialdehyde
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Effect of exposure to Al and self‑recovery on SOD 
activity

The SOD activity in the cortex in 30  days of Al 
exposure showed a slight decrease in activity 
(7.42 ± 0.31, p ˃ 0.05), whereas 45 days (5.12 ± 0.50, 
p < 0.001) exposure resulted in decreased activity as 
compared to control (9.54 ± 0.43). There was no dif-
ference (p < 0.05; Fig.  2b) in the recovery groups 
followed by 30 and 45 days of exposure.

SOD activity in the hippocampus, showed sig-
nificant decrease in activity after 45  days of Al 
exposure (4.40 ± 0.25, p < 0.001), whereas no dif-
ference was observed after 30  days of Al expo-
sure (5.78 ± 0.18, p > 0.05) as compared to control 
(6.79 ± 0.51). Recovery after 45  days exposure, 
showed increased activity (6.32 ± 0.14, p < 0.001; 
Fig. 2f).

Effect of exposure to Al and self‑recovery on GPx 
activity

GPx activity in cortex decreased in 30  days 
(15.64 ± 0.23, p < 0.001) and 45  days (12.84 ± 0.39, 
p < 0.001) of exposure compared to control 
(18.98 ± 0.49). The recovery group of 30 days expo-
sure had shown no effect (p > 0.05) on GPx activ-
ity meanwhile, recovery followed by 45  days expo-
sure demonstrated increase in activity (15.18 ± 0.58, 
p < 0.01; Fig. 2c) as compared to exposure groups.

In the hippocampus, Al exposure after 30  days 
(17.80 ± 0.83, p < 0.001) as well as 45  days 
(15.18 ± 0.72, p < 0.001) resulted in decreased GPx 
activity relative to control (22.23 ± 0.36). Recov-
ery was observed followed by 45  days of exposure 
(18.31 ± 0.31, p < 0.01) whereas there was no dif-
ference (p > 0.05; Fig. 2g) in recovery to 30 days Al 
exposure.

Effect of exposure to Al and self-recovery on LPO

MDA levels in the cortex, increased significantly 
following both 30  days (38.82 ± 1.05, p < 0.01) and 
45 days (44.01 ± 0.76, p < 0.001) of exposure as com-
pared to control (32.92 ± 1.27). In recovery groups 
of both 30 days (32.92 ± 1.27, p < 0.01) and 45 days 
(36.15 ± 0.66, p < 0.001; Fig.  2d) MDA levels were 

significantly decreased as compared to exposure 
groups, showing an improved recovery.

In the hippocampus, MDA levels increased in 
both 30  days (32.15 ± 1.02, p < 0.01) and 45  days 
(36.34 ± 0.96, p < 0.001) of exposure groups as 
compared to control (26.42 ± 1.24). Recovery after 
30  days (27.92 ± 0.88, p < 0.05) exposure showed 
decrease in MDA levels when compared to expo-
sure group. While there was no observed recov-
ery (p > 0.05; Fig.  2h) in the recovery after 45  days 
exposure.

Effect of exposure to Al and self-recovery on 
neurotransmitter levels

In the cortex, levels of NA decreased in 30  days 
(9.83 ± 0.99, p < 0.05) and 45  days (6.27 ± 1.58, 
p < 0.001) of exposure. The 30  day exposure recov-
ery showed improvement (15.92 ± 1.45, p < 0.05; 
Fig. 3a) in recovery while no improvement (p > 0.05) 
was observed in 45  days exposure recovery group 
in comparison to their respective exposure groups. 
The levels of DA were significantly decreased in 
both 30  days (10.14 ± 0.59, p < 0.001) as well as in 
45  days (9.12 ± 0.25, p < 0.001) exposure group, 
compared to control (18.60 ± 0.84; Fig.  3b). Recov-
ery group followed by 30  days exposure showed 
improved recovery (14.49 ± 0.59, p < 0.05) whereas 
there was no improvement in DA levels in recovery 
group followed by 45 days exposure group. The lev-
els of DOPAC were significantly decreased in both 
30 days (7.86 ± 1.41, p < 0.001) as well as in 45 days 
(2.83 ± 0.60, p < 0.001) exposure, as compared to 
control (15.49 ± 1.03; Fig.  3c). Recovery group fol-
lowed by 30 days exposure showed improved recov-
ery (12.63 ± 1.04, p < 0.05) whilst there was no 
improvement in DOPAC levels in the recovery group 
followed by 45  days exposure. The levels of 5-HT 
remained unaffected (p > 0.05; Fig.  3d) in expo-
sure and recovery groups. The 5-HIAA levels were 
reduced in 30 days (5.17 ± 0.11, p < 0.001) as well as 
in 45 days (4.47 ± 0.14, p < 0.001) exposure as com-
pared to control (12.46 ± 1.15; Fig.  3e). Recovery 
group of 30 days (11.73 ± 1.16, p < 0.001) as well as 
45 days (10.23 ± 0.51, p < 0.001) of exposure showed 
improved recovery.

In the hippocampus, NA levels were sig-
nificantly decreased following both 30  days 
(6.26 ± 0.69, p < 0.001) as well as in 45  days 
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(2.10 ± 0.13, p < 0.001) exposure, compared to 
control (37.23 ± 1.54). Recovery group of 30  days 
(14.98 ± 1.47, p < 0.001) as well as 45  days 
(9.72 ± 0.87, p < 0.001; Fig.  3f) showed improved 
recovery. The DA levels were decreased in 30 days 
(13.50 ± 1.37, p < 0.001) as well as in 45  days 
(2.16 ± 0.35, p < 0.001) of exposure as compared to 
control (28.44 ± 2.31; Fig.  3g). Recovery group of 
only 30 days Al exposure showed improved recov-
ery (23.16 ± 1.26, p < 0.01). Levels of DOPAC 
decreased in 30  days (3.95 ± 0.18, p < 0.001) as 
well as in 45  days (2.16 ± 0.62, p < 0.001) expo-
sure as compared to control (18.39 ± 1.46; Fig. 3h). 
Recovery group of 30 (10.73 ± 0.56, p < 0.01) as 

well as 45  days (9.22 ± 1.28, p < 0.01) of exposure 
showed improved recovery as compared to expo-
sure groups. In hippocampus, 5-HT levels were 
decreased in 30  days (3.27 ± 0.33, p < 0.001) as 
well as in 45 days (2.79 ± 0.15, p < 0.001) of expo-
sure as compared to control (11.45 ± 0.29). Recov-
ery group of only 30  days (6.93 ± 1.02, p < 0.01; 
Fig. 3i) showed improvement. 5-HIAA levels were 
decreased in 30 days (5.82 ± 0.65, p < 0.001) as well 
as in 45 days (1.13 ± 0.13, p < 0.001) of Al, as com-
pared to control (12.79 ± 0.70; Fig. 3j). While there 
was improvement in recovery group followed by 
30  days of exposure (11.76 ± 0.90, p < 0.001). The 
effects of Al exposure and subsequent post-exposure 

Fig. 3  Neurotransmitter levels in the cortex (a–g), hippocam-
pus (h–n), thalamus (k–o) and amygdala (p–t) of Al exposed 
and recovery groups. *p < 0.05, **p < 0.01, ***p < 0.001, refer 
to significant difference compared with the control group while 
#p < 0.05, ##p < 0.01, ###p < 0.001 refer to significant differ-
ence between Al exposed and recovery groups. n number of 

animals, 30DAl Al exposure for 30 days, 30DR 20 days recov-
ery period after 30  days of Al exposure, 45DAl Al exposure 
for 45  days, 45DR 20  days recovery period after 45  days of 
Al exposure, NA noradrenaline, DA dopamine, DOPAC dihy-
droxyphenyl acetic acid, 5‑HT 5-hydroxytryptamine, 5‑HIAA 
5-hydroxyindoleacetic acid
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self-recovery of neurotransmitter levels in the thala-
mus and amygdala have been presented in the sup-
plementary section.

Effect of exposure to Al and self-recovery on Syp and 
GFAP

Immunostaining of the cortex with Syp showed 
decrease in the percent positive area of Syp in 45 days 
exposure (14.30 ± 1.49, p < 0.001) as compared to 
control (26.50 ± 0.64), while no difference (p > 0.05) 
was observed in 30  days exposure group. Recovery 
groups followed by both exposure periods showed no 
difference (p > 0.05; Fig. 4b) in Syp immunostaining.

In hippocampal region, percentage positive 
area of Syp decreased significantly in 30 as well as 
45  days of exposure in DG (27.81 ± 0.94, p < 0.01 
and 22.31 ± 0.85, p < 0.001, respectively), in CA1 
(37.30 ± 1.11, p < 0.01 and 15.01 ± 1.08, p < 0.001, 
respectively), CA2 (26.30 ± 1.55 and 26.31 ± 1.75, 
p < 0.01, respectively) and in CA3 (46.08 ± 1.49, 
p < 0.01 and 37.31 ± 1.11, p < 0.001, respectively) 
compared to control of DG (34.51 ± 1.32; Fig.  4d), 
CA1 (45.50 ± 1.55; Fig.  4e), CA2 (35.80 ± 0.85; 
Fig.  4f) and CA3 (55.3 ± 1.25; Fig.  4g). Recov-
ery group followed by 30  days exposure showed 
increase in percentage of positive area of Syp in 
DG (33.51 ± 1.32, p < 0.01), CA1 (45.51 ± 1.44, 
p < 0.001), CA2 (34.30 ± 0.85, p < 0.05) and in CA3 
(53.5 ± 1.44, p < 0.05) compared to exposure group.

Immunostaining of the cortex with GFAP showed 
significant increase in percentage of positive area of 
GFAP in both 30 days (14.01 ± 1.08, p < 0.01) as well 
as in 45  days of exposure (19.50 ± 0.64, p < 0.001) 
groups, as compared to control (7.25 ± 1.11). In 
recovery groups of both 30 (8.75 ± 0.85, p < 0.05) as 
well as in 45 days (14.51 ± 1.04, p < 0.05; Fig. 5b) of 
exposure there was decrease in percentage of positive 
area of GFAP as compared to respective exposure 
groups, suggesting an improved recovery.

In the hippocampal region, percentage of positive 
area of GFAP increased significantly after 30  days 
as well 45  days of exposure in DG (19.31 ± 0.85, 
p < 0.01 and 27.10 ± 0.91, p < 0.001, respectively), 
in CA1 (14.01 ± 0.91, p < 0.01 and 17.51 ± 0.64, 
p < 0.001, respectively), CA2 (9.50 ± 0.64, p < 0.01 
and 13.50 ± 0.64, p < 0.001, respectively) and in 
CA3 (14.51 ± 0.64, p < 0.05 and 18.31 ± 0.47, 
p < 0.001, respectively) as compared to control in DG 

(11.01 ± 1.47; Fig.  5d), CA1 (9.50 ± 0.64; Fig.  5e), 
CA2 (5.50 ± 0.64; Fig.  5f) and CA3 (10.31 ± 0.85; 
Fig.  5g). Recovery group followed by 30  days of 
exposure showed decreased percentage of positive 
area of GFAP in DG (12.51 ± 1.44, p < 0.01), CA1 
(9.51 ± 0.64, p < 0.01), CA2 (5.75 ± 0.85, p < 0.05) 
and CA3 (9.50 ± 0.64, p < 0.01) as compared to expo-
sure group. Whereas there was no observed improve-
ment in the recovery group followed by 45 days expo-
sure group.

Effect of exposure to Al and self-recovery on 
memory and exploratory behaviour

On day 1, 45  days Al exposure group (4.09 ± 1.70, 
p < 0.05) showed reduced number of nose pokes 
while there was no observed difference in the 30 days 
exposure (p > 0.05; Fig. 6a) than control (5.84 ± 0.56). 
On day 4, a similar trend was observed but over-
all number of nose pokes decreased in the control 
group (2.58 ± 0.59), 30 days (2.54 ± 0.90) and 45 
days (2.28 ± 0.93) exposure groups. Recovery group 
followed by 45 days exposure (5.63 ± 2.35, p < 0.05; 
Fig. 6b) showed increased number of nose pokes on 
day 1 than the respective exposure group while there 
was no observed improvement in recovery group fol-
lowed by 30 days exposure group.

Latency to visit the first hole (baited or un-baited) 
was calculated to evaluate anxiety level. Only in day 
2, latency was increased in 45 days (10.75 ± 1.30, 
p < 0.05) exposure group while there was no change 
(p > 0.05) in 30  days exposure group as compared 
to control (7.47 ± 1.05; Fig. 6c). In recovery groups, 
latency was increased in 30 days (9.02 ± 1.55, 
p < 0.05) as well as in 45 days (10.40 ± 1.23, 
p < 0.01) of exposure on day 2 as compared to con-
trol (5.56 ± 1.25; Fig.  6d), however no change was 
observed compared to exposure groups, thus showing 
no recovery.

On day 1, 30 days (16.26 ± 1.64, p < 0.01) and 45 
days (23.25 ± 1.40, p < 0.01) exposure group showed 
impairment in referential memory, compared to con-
trol group (7.07 ± 0.43; Fig.  6e). RMEs gradually 
decreased in both groups from day 1 to day 4. In 
recovery group of 30 days (13.11 ± 1.98, p > 0.05) and 
45 days (21.90 ± 1.21, p > 0.05; Fig. 6f), RMEs were 
decreased from day 1 to 4, however, this difference 
was not large when compared to exposure groups.
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On day 1, in 30 days (7.42 ± 0.91, p < 0.01) as 
well as in 45 days (9.45 ± 0.41, p < 0.01) of expo-
sure WME were significantly increased as compared 
to control (2.37 ± 0.19; Fig.  6g). WMEs gradually 
decreased from day 2 to day 4, however, significant 

increase was observed in WMEs in exposure groups. 
In the recovery group significant decrease in WME 
was observed in 30 days exposure (5.62 ± 0.71, 
p < 0.05; Fig.  6h) on day 1 as compared to respec-
tive Al exposure groups, showing improved recovery. 
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Like RME, WMEs were decreased from day 2 to 4 
but this difference was not significant as compared to 
the exposure groups.

Effect of exposure to Al and self-recovery on spatial 
memory

From day 1–5, 45 days (p < 0.01; Fig. 7a) exposure, 
escape latency was increased in MWM test as com-
pared to control. Recovery group followed by 45 
days exposure showed decrease (p < 0.01; Fig. 7b) in 
escape latency suggesting an improved recovery.

To assess reference memory, a probe trial was car-
ried out by removing platform, after a 5 day training 
period. Data was analyzed to observe differences in 
number of entries in TQ, between all groups. In 45 
days (6.5 ± 0.68, p < 0.001; Fig.  7c) exposure group 
decreased number of entries were observed and no 
difference was observed in 30 days exposure group 
(p > 0.05) as compared to control (9.2 ± 0.33). In 
the recovery groups, no improvement in memory 
was observed (p > 0.05) as compared to exposure 
groups. The number of platform crossings were 
recorded and analyzed during the probe trial. In the 
30 days (6.00 ± 0.61, p < 0.001) as well as in 45 days 
(2.5 ± 0.52, p < 0.001) exposure groups, significant 
decrease in platform crossing was observed as com-
pared to control (9.2 ± 0.59). Recovery group fol-
lowed by 45 days exposure showed improvement in 
recovery (6.4 ± 0.47, p < 0.001; Fig. 7d).

The time spent in TQ was analyzed to evaluate dif-
ferential deficit between all tested groups. Exposure 
groups of 30 days (44.30 ± 1.26, p < 0.001) as well 
as 45 days (38.9 ± 3.49, p < 0.001; Fig. 7e) spent less 

time in TQ as compared to control (64.20 ± 2.64). In 
recovery groups of both 30 and 45 days no improve-
ment (p > 0.05) was noted when compared to their 
respective exposure groups.

Correlation analysis was performed between 
behavioral parameter; time spent in TQ and neuro-
transmitter levels. The Pearson test showed positive 
correlation of NA, DA, and its metabolite DOPAC, 
5-HT and metabolite 5-HIAA in the hippocam-
pus (Fig.  8f–j), thalamus (Fig.  8k–o) and amyg-
dala (Fig.  8p–t), and time spent in TQ. Correlation 
analysis was also performed for behavioral param-
eters; WME in HBT and neurotransmitter levels. The 
Pearson test (Supplementary Tables  1–4) showed a 
strong association between neurotransmitter levels 
and WME in cortex (Supplementary Fig. 2a–e), hip-
pocampus (Supplementary Fig. 2f–j), thalamus (Sup-
plementary Fig. 2k–o) and amygdala (Supplementary 
Fig. 2p–t).

Correlation analyses were performed between per-
cent positive area of Syp, GFAP, time spent in TQ 
assessed through MWM, WME made in HBT in the 
cortex and the hippocampus regions DG, CA1, CA2, 
and CA3 to investigate the association between Syp, 
GFAP and spatial memory. Positive correlation was 
observed between Syp and time spent in TQ, sug-
gesting that time spent increases with increase in 
Syp positive area in cortex (Supplementary Fig. 3a1) 
and hippocampus (Supplementary Fig.  3b1–e1). 
Furthermore, correlation analysis showed a nega-
tive correlation between time spent in TQ and GFAP 
(Supplementary Fig.  3a2–e2). A significant nega-
tive correlation was noted between WME and Syp 
suggesting that decreased immunoreactivity of Syp 
results in an increase of WME in the cortex (Supple-
mentary Fig. 3a3) and hippocampus (Supplementary 
Fig.  3b3–e3). Meanwhile there was a positive asso-
ciation between GFAP and WME in the cortex and 
hippocampus (Supplementary Fig. 3a4–b4). Correla-
tion analysis with R2 and p-values have been added in 
Supplementary Tables 1–4.

Discussion

Research on the neurotoxic effects of Al dates back 
almost a century (Tomljenovic 2011). Humans get 
exposed to this toxic metal by various sources, and 
once acquired through diet, it is absorbed via GIT 

Fig. 4  Immunohistochemical staining of cortical layers 2 and 
3 at 40x magnification with Syp antibody (a). White arrows 
show Syp positive cells. b Histogram shows the percent posi-
tive area of Syp in cortex. The image shows representative 
slides of hippocampus sections at 40× magnification with Syp 
immunohistochemistry (c). White arrows show Syp positive 
cells in hippocampus regions. Histogram shows the percent 
positive area of Syp in hippocampus regions d DG, e CA1, f 
CA2 and g CA3. *p < 0.05, **p < 0.01, ***p < 0.001 refer to 
significant difference compared with the control group while 
#p < 0.05, ##p < 0.01, ###p < 0.001 refer to significant differ-
ence between Al exposed and recovery groups. n number of 
animals, 30DAl Al exposure for 30 days, 30DR 20 days recov-
ery period after 30  days of Al exposure, 45DAl Al exposure 
for 45 days, 45DR 20 days recovery period after 45 days of Al 
exposure

◂
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and eliminated in urine (Krewski et al. 2007). Under 
normal physiological conditions very little Al accu-
mulates in the body, as almost all is expelled via 
renal functions. However, when accumulated, Al 

contributes to cognitive deficits (Zhong et al. 2020). 
Animal model studies suggest that Al interferes 
with signals involved in the learning process (Yan 
et al. 2017). Although it is well documented that Al 
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affects cognitive abilities (Farhat et al. 2017b; Haider 
et al. 2020) the effects of duration of exposure of Al 
on cognitive functions is still unclear and required 
investigation.

The present study focused on evaluating the 
effects of time-dependent Al exposure on the cortex 
and hippocampus associated learning and memory 
impairment. This was done by measuring antioxi-
dant enzyme markers, neurotransmitter levels and 
conducting behavioral tests, and immunohistochemi-
cal studies. This study also aimed to determine if Al-
induced neurotoxicity was permanent or temporary.

Relatively higher Al doses were chosen to ensure 
Al accumulation in the brain tissues, vital for the next 
study objective which was investigating the effects 
a post-exposure recovery period would have on Al 
induced neurotoxicity. Daily dose of Al adminis-
tered to rats in this study did not go beyond the doses 
ingested by individuals frequently taking buffered 
aspirin or antacids, which contributes to hundreds 
mg/kg of Al (Krewski et  al. 2007). A research con-
ducted in China also revealed that people consume a 
high amount of Al through daily food items (Ma et al. 
2019). A study also suggested that American ingested 
>95 mg/kg daily through different food items (Greger 
1993). For example, per serving of a pancakes pro-
vide 180 mg of Al (Saiyed and Yokel 2005). Earlier 
studies have also stated that the Al administration 
(260  mg/kg) for 35  days is equivalent to the maxi-
mum estimated intake by humans (Commissaris et al. 
1982; Golub et  al. 1989). Additionally, the  LD50 of 
 AlCl3 in rats ranges from 200 to 1000 mg/kg through 
oral route (World Health Organization 1997) which is 
quite high as compared to the doses used in our study. 

Based on these earlier studies and studies conducted 
by our research members (Farhat et al. 2017a, b), the 
mentioned doses of Al were chosen.

Al accumulation damages the natural antioxidant 
defense mechanism which ultimately induces oxida-
tive stress (Abu-Taweel and Al-Mutary 2021b). Our 
study showed that exposure to Al causes decrease in 
activity of CAT, GPx, and SOD whereas increased 
MDA activity in cortical and hippocampal tissues, 
with only recovery in CAT activity. While SOD and 
GPx activity recovered only in 45  days exposure 
group. Our study’s findings coincided with those of 
previous reports (Abu-Taweel and Al-Mutary 2021b; 
Jadhav and Kulkarni 2023; Saeed et al. 2021), where 
Al causes oxidative stress that initiates LPO, thus 
interfering with processes that could result in cogni-
tive dysfunction (Zhang et  al. 2020). Moreover, the 
cortex and hippocampus, due to their involvement in 
cognitive functions, consume more oxygen and are 
thus more sensitive to oxidative stress (Karim et  al. 
2017; Magalingam et  al. 2018) and due to the low 
levels of antioxidant enzymes in these areas, com-
plete recovery may be prevented. However, observed 
recovery might be directed to the redox enzyme sys-
tem and endogenous release of glutathione, that halts 
the production of free radicals (Elizabeth et al. 2020) 
and repairs neurons, highlighting the ability of self-
recovery after the removal of toxins.

Neurotransmission, a dynamic activity that 
involves continuous release of neurotransmitters. 
Levels of neurotransmitters NA, DA, and its metabo-
lite DOPAC, 5-HT and its metabolite 5-HIAA were 
measured. All studied neurotransmitters were signifi-
cantly reduced in brain tissues from both exposure 
groups. In the cortex and the hippocampus, recovery 
of NA, DA, DOPAC, and 5-HIAA was observed in 
30  days exposure recovery group, whilst recovery 
of 5-HIAA levels in the cortex and NA and DOPAC 
levels in the hippocampus was observed in the 
45 day exposure recovery group. In the thalamus and 
amygdala, recovery of DA, 5-HT, and its metabolite 
5-HIAA levels was noted in 30 days exposure group, 
whilst in the amygdala recovery of DOPAC and 5-HT 
levels was observed in 45 day exposure group. Study 
results coincided with previous reports where Al was 
exposed in a dose-dependent manner (Abu-Taweel 
and Al-Mutary 2021a; Haider et  al. 2020; Liaquat 
et al. 2019). Moreover, these studies did not address 
the address the recovery factor. Furthermore, studies 

Fig. 5  Immunohistochemical staining of cortical layers 2 and 
3 at 40× magnification with GFAP antibody (a). White arrows 
show GFAP positive cells. b Histogram shows the percent pos-
itive area of GFAP in the cortex. The image shows representa-
tive slides of hippocampus sections at 40× magnification with 
GFAP immunostaining (c). White arrows show GFAP positive 
cells in hippocampus regions. Histogram shows the percent 
positive area of GFAP in hippocampus regions d DG, e CA1, 
f CA2 and g CA3. *p < 0.05, **p < 0.01, ***p < 0.001 refer to 
significant difference compared with the control group while 
#p < 0.05, ##p < 0.01, ###p < 0.001 refer to significant differ-
ence between Al exposed and recovery groups. n number of 
animals, 30DAl Al exposure for 30 days, 30DR 20 days recov-
ery period after 30  days of Al exposure, 45DAl Al exposure 
for 45 days, 45DR 20 days recovery period after 45 days of Al 
exposure

◂
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are mostly limited to whole brain tissue or cortex and 
hippocampal regions. Studies have suggested that ser-
otonin and dopamine decreases may be due to oxida-
tive stress that triggers the apoptotic mechanism ulti-
mately leading to neuronal damage. Key role of these 
neurotransmitters is to signal event relevance, move-
ment, and anxiety (Kumar 2002), that can be linked 
to memory performance and regulation of emotions 
(Hauser et al. 2019); hence, it can be suggested that 
the cognitive dysfunction reported in our studies may 
be due to the decreased levels of neurotransmitters in 
the cortex and hippocampus, as both are innervated 
by serotonin and dopamine afferent proceedings from 
the raphe complex and nigrostriatal system (Gonza-
lez-Burgos and Feria-Velasco 2008).

In our study we have studied the toxic effects of 
Al on Syp and GFAP levels using immunohisto-
chemistry. Decreased immunoreactivity of Syp was 
observed in the cortex in the 45 days exposure group 
with no noticeable recovery. In the hippocampus 
regions DG, CA1, CA2 and CA3, Syp percentage 
positive cells were significantly decreased in Al expo-
sure groups. This was recovered only in the 30 days 
exposure group. Our study results coincide with pre-
vious reports where Syp decreased in an amyloid beta 

induced model of Alzheimer’s disease (Kincheski 
et al. 2017; Qiang et al. 2018; Sanchez-Ramos et al. 
2009) ultimately leading to cognitive impairment. 
Syp is a vesicle protein, an important index of syn-
aptic integrity, and is largely associated with spatial 
memory (Xu et  al. 2019). Loss of Syp is generally 
considered an early event in initial cognitive impair-
ment, as decreased expression of Syp may result in 
suppressed neurotransmitter release (Abdelzaher 
et  al. 2021), while restoration of Syp contributes to 
improved memory function (Tampellini et al. 2010).

The immunohistochemistry of GFAP showed that 
the percentage of cells in the cortex with GFAP sig-
nificantly increased in both exposure groups, with 
improved recovery for both groups. Whereas in the 
hippocampus regions increase was observed in both 
exposure groups with recovery only in the 30  days 
of exposure group. Previous studies of Al induced 
neurotoxicity showed similar results where increased 
GFAP cells were observed in the cortex (Erazi et al. 
2010) and hippocampus of the rat brain (El-Shetry 
et al. 2021). The same observation was made in cad-
mium induced toxicity (Yang et al. 2023). Increased 
GFAP is associated with astrogliosis that initi-
ates events involved in inflammatory response and 

Fig. 6  Hole board test for assessing anxiety and memory 
in terms of number of nose pokes per minute (a, b), latency 
(s) for visit to first hole (c, d), reference memory errors (e, f), 
and working memory errors (g, h) of Al exposed and recovery 
groups. *p < 0.05, **p < 0.01, ***p < 0.001, refer to signifi-
cant difference compared with control group while #p < 0.05, 

##p < 0.01, ###p < 0.001 refer to significant difference between 
Al exposed and recovery groups. n number of animals, 30DAl 
Al exposure for 30 days, 30DR 20 days recovery period after 
30 days of Al exposure, 45DAl Al exposure for 45 days, 45DR 
20 days recovery period after 45 days of Al exposure
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neuronal death (Ekong et  al. 2017). Several reports 
have also suggested that oxidative damage is charac-
terized by gliosis (Cabezas et al. 2014). Studies also 
show that mitochondria and astrocyte interplay is 
requisite for normal neuronal function and any mito-
chondrial damage may lead to increased gliosis due 
to release of reactive oxygen species (Memudu and 
Adanike 2022). Thus, Al exposure in our study may 
contribute to oxidative stress mediated astrogliosis. 
Moreover, recovery can be attributed to endogenous 
glutathione that can prevent possible gliosis.

In this study, exploratory activity, anxiety levels, 
RME, and WME were assessed through HBT. Expo-
sure to Al for 45  days decreased locomotor activity 
but increased other parameters. Conversely, 30  days 
of exposure resulted in increased RME and WME. 
In the recovery of 45  days exposure, recovery was 
ascertained in locomotor activity while recovery was 
observed only in WME for the 30  days exposure. 

Results of this study are consistent with previously 
reported studies, where exposure to Al decreased the 
number of nose pokes, which may indicate the anxi-
ogenic potential of Al (Amari et al. 2020; Minigalieva 
et al. 2018). Studies also suggested that other toxins 
such as deltamethrin (Souza et  al. 2022), lead (Flo-
res-Montoya and Sobin 2015), arsenic (Kumar and 
Reddy 2018; Saritha et al. 2019), and ethanol (Cullen 
et al. 2013) decreased the exploratory ability of ani-
mals by reducing the head dips, thus leading to high 
levels of anxiety. These high levels of anxiety resulted 
in spatial memory deficit through increased RME 
and WME in HBT. Earlier studies have documented 
a decline in RME and WME in response to repeated 
mobility tests due to Al exposure (Douichene et  al. 
2016; Justin Thenmozhi et al. 2017). Moreover, toxic 
effect of Al exposure on RME and WME were also 
reported through radial arm maze test (Abd el-Rady 
et al. 2021; Abdelmeguid et al. 2021; Yin et al. 2020). 

Fig. 7  Morris water maze memory was assessed in terms of 
escape latency time (a, b), number of entries in target quad-
rant (c), number of platform crossings (d), and time spent 
in target quadrant (e) of Al exposed and recovery groups. 
*p < 0.05, **p < 0.01, ***p < 0.001, refer to significant differ-
ence compared with control group while #p < 0.05, ##p < 0.01, 

###p < 0.001 refer to significant difference between Al exposed 
and recovery groups. n number of animals, 30DAl Al exposure 
for 30 days, 30DR 20 days recovery period after 30 days of Al 
exposure, 45DAl Al exposure for 45 days, 45DR 20 days recov-
ery period after 45 days of Al exposure
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Here we have employed HBT to assess the spatial 
deficit through RME and WME. Furthermore, all 
these reported studies were followed by treatment of 
Al induced toxicity either through synthetic or natural 
drugs, but no studies have reported the post-exposure 
recovery effect.

In the MWM test, Al exposure for 45  days 
resulted in substantial increase in escape latency. 
Whereas decrease in entries and time spent in TQ 
and platform crossings, with recovery in escape 
latency and platform crossings following the 20 day 
recovery period. Meanwhile the 30  days expo-
sure group showed decrease in time spent in TQ 
and platform crossings with no recovery in both 
parameters, Comparable outcomes from cognition 
analysis also supported our results (Abu-Taweel 
and Al-Mutary 2021b; Mehpara Farhat et al. 2019; 
Verma et  al. 2020; Zhang et  al. 2020) whereas in 

previously reported study no improvement in recov-
ery was observed in spatial memory maybe because 
2 weeks of recovery period was provided after giv-
ing Al intraperitonially (Verma et al. 2020). Report 
from previous study showed that spatial memory 
performance (investigated through novel object rec-
ognition) was positively correlated with the number 
of Syp in DG and CA1 (Xu et  al. 2019). Findings 
from separate study suggested that protein levels of 
Syp positively correlated to time spent in TQ and 
inversely associated with latency reversal assessed 
through MWM test (Portero-Tresserra et  al. 2018). 
Syp is a crucial component of synaptogenesis, a 
process involved in learning. Neurotransmitters in 
the brain are also responsible for cognitive functions 
and contribute to memory consolidation (White 
and Stowell 2021). It is suggested that Syp may 
be involved in the release of neurotransmitters, for 

Fig. 8  Correlation between neurotransmitter levels and time 
spent in target quadrant assessed through Morris water maze 
test in cortex (a–e), hippocampus (f–j), thalamus (k–o) and 
amygdala (p–t) of Al exposed and recovery groups. *p < 0.05, 
**p < 0.01, refer to significant differences. 30DAl Al expo-

sure for 30 days, 30DR 20 days recovery period after 30 days 
of Al exposure, 45DAl Al exposure for 45 days, 45DR 20 days 
recovery period after 45  days of Al exposure, NA noradrena-
line, DA dopamine, DOPAC dihydroxyphenyl acetic acid, 5‑HT 
5-hydroxytryptamine, 5‑HIAA 5-hydroxyindoleacetic acid
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example acetylcholine (Ach), glutamate, and DA, 
through its functional role in both exo- and endo-
cytosis (Zhang et  al. 2014). Studies showed that 
astrocyte signaling on synapse level is associated 
to cognitive performance (Wilhelmsson et al. 2019) 
and mice that showed poor performance in object 
recognition tests also showed reduction in astrocytic 
exocytosis (Lee et al. 2014). Supporting this notion, 
in this study, spatial memory parameters were asso-
ciated with Syp, GFAP and neurotransmitter levels.

Findings of our studies indicate that duration of Al 
exposure has differential effects on cognitive abilities 
of rats, despite administration of the same dose of Al. 
This implies that neurotoxic effects of Al exposure 
are both dose- and time-dependent. Consequently, 
this provides insight into why similar recovery peri-
ods have different effects. The plausible explanation 
for this difference in recovery is the time-dependent 
differences in neurotoxicity observed. Due to the 
time-dependent toxicity, Al removal would also 
be dependent on time, hence, explaining the better 
recovery observed following short-term exposure 
compared to prolonged exposure.

The limitations of this research are that only one 
recovery period was studied, i.e., 20  day recovery 
period. Further study with multiple time-points can 
help in better understanding of recovery phenom-
enon. Moreover, Al accumulation and removal can be 
studied by measuring Al levels both in the brain and 
plasma at multiple time-points. This will give detailed 
understanding about Al accumulation and removal 
pattern. Furthermore, along with Syp and GFAP IHC, 
mRNA expressions and protein level studies can be 
carried out in the future to understand the mechanism 
of Al-induced neurotoxicity.

Conclusion

Exposure to Al in a time-dependent manner can 
cause cognitive impairment by exerting neurotoxic 
effects on the cortex and hippocampus. Mechanisms 
of neurotoxicity include a decrease in antioxidant 
enzymes and neurotransmitter levels, immune reac-
tivity of Syp, and increase in LPO and astrogliosis. 
These parameters were however improved follow-
ing a 20  day recovery period in rats exposed to Al 
short-term.
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